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Abstract
No experiment can measure an absolute scale: every dimensionfull quantity has to be
compared to some fixed unit scale in order to be measured, and thus only dimensionless
quantities are really physical.
The Einstein and Jordan frame are related by a conformal transformation of the metric,
which amounts to rescaling all length scales. Since the absolute scale cannot be measured,
both frames describe the same physics, and are equivalent. In this article we make this
explicit by rewriting the action in terms of dimensionless variables, which are invariant
under a conformal transformation. For definiteness, we concentrate on the action of Higgs
inflation, but the results can easily be generalized. In addition, we show that the action for
f(R)-gravity, which includes Starobinsky inflation, can be written in a frame-independent
form.
email: † mpostma@nikhef.nl , ∗ mvolponi@nikhef.nl
1 Introduction
In recent years there has been renewed interest in inflation models with a large non-minimal
coupling to gravity, of which Higgs inflation is the prime example [1, 2, 3]. Although the
predictions of these models fall right in the sweet spot of the Planck data [4], they can all go
in the dust bin if the polarization signal measured by BICEP is of cosmological origin [5, 6].
Even in this case, a (much smaller) non-minimal coupling is still allowed [7, 8, 9], and it is
thus important to understand its implications.
The non-minimal coupling to gravity entails a coupling between the Ricci scalar and the
inflaton field, which mixes the metric and scalar degrees of freedom. This also implies that
the effective Planck mass during inflation is field-dependent, and thus time-dependent, which
in turn hampers a physical interpretation of the equations in the Jordan frame. For example,
when defining the expansion rate of the universe, one has to take into account that not
only the scale factor is time-dependent, but also the measurement unit; when defining an
energy-momentum tensor, one has to take into account that gravitational and field energies
are mixed, and so on.
The non-minimal coupling can be removed, and the gravity Lagrangian brought in canon-
ical form, by performing a conformal transformation of the metric. Since now gravity is
standard and the Planck mass a constant, the Einstein frame equations are easy to interpret
— all the usual textbook intuition applies — but complicated. The scalar field kinetic terms
are non-canonical and the potential is non-polynomial.
Calculations can be done in either frame. The conformal transformation can just be
seen as a field redefinition which does not affect the physics. It has been shown that both
the classical action and the one-loop corrections are frame-independent [10], as well as the
curvature perturbation [11, 12, 13, 14, 15]. Nevertheless, there is still some confusion in the
literature and conflicting claims exists [16, 17, 18, 19, 20, 21, 22, 23]. Our results are in line
with earlier works [24, 25, 26, 27].
In this paper we will show explicitly that the Jordan and Einstein frame are equivalent,
by rewriting the action in terms of dimensionless fields and parameters. A conformal trans-
formation of the metric rescales all length scales, or equivalently all mass scales, in the theory.
It is important to note that this does not affect physical quantities, which are dimensionless;
no experiment can measure an absolut scale. Hence, if we rewrite the action in terms of
physical, dimensionless fields, it is automatically invariant under a conformal transformation:
the action obtained describes all frames related by a conformal transformation at once, and
thus all the results derived from it apply equally to the Jordan and to the Einstein frame.
This paper is organised as follows: we start in section 2 with a brief review of the action
of Higgs inflation in the Einstein and in the Jordan frame, and the conformal transformation
which relates them. We then explain our approach to rewriting the Lagrangian in terms
of dimensionless variables, applying it to the simple setting of just the classical background
action. This is subsequently generalized to the full action, with a generic spacetime metric,
more than one field coupled to gravity, and arbitrary kinetic terms. We shortly remark on
quantization. In section 3 we show that our results equally apply to f(R) gravity, and in
particular Starobinsky inflation. Finally, in section 4 we give an example and discuss how
curvature perturbation ζ can be expressed in dimensionless, Jordan frame and Einstein frame
quantities. We end with some concluding remarks.
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2 Equivalence of the action
The action for Higgs inflation in the Jordan frame is [1, 2, 3]
S =
∫
d4x
√−gJ
[
1
2
M2Ω2R[gJ ]−
1
2
γJabg
µν
J ∂µφ
a
J∂νφ
b
J − VJ (φJ )
]
where φaJ are real scalar fields, ξ is the non-minimal coupling that mixes the metric and scalar
degrees of freedom, and
Ω2 = 1 +
ξφaJφJa
M2
. (1)
Although our focus is on the conformal factor (1) motivated by Higgs inflation, our methods
can be generalized to generic conformal factors [28]. The gravitational action can be brought
in canonical form via a conformal transformation of the metric
gEµν = Ω
2gJµν (2)
This yields the action in the Einstein frame [29]
S =
∫
d4x
√−gE
[
1
2
M2R[gE ]−
1
2
gµνE γEab∂µφ
a
J∂νφ
b
J − VE(φJ )
]
(3)
with field-space metric
γE ab =
1
Ω2
[
γJab + 3∂φaJ ln Ω
2∂φb
J
ln Ω2
]
. (4)
The Einstein frame potential is
VE =
VJ
Ω4
. (5)
Note that the fields φaJ do not change going from one frame to the other. We added the
subscript J to denote the fields originally defined in the Jordan frame; the use of this will
become clear soon.
From the action we can read off the (reduced) Planck mass in the Jordan and Einstein
frame respectively:
mJ =MΩ, mE =M. (6)
Although the metric changes under a conformal transformation, distances measured in Planck
units are invariant. Indeed, the line-element written in Planck units is invariant:
m2Jds
2
J = m
2
JgJµνdx
µdxν = m2EgEµνdx
µdxν = m2Eds
2
E (7)
where we used (2, 6).
2.1 Dimensionless action — background
In this subsection we rewrite the classical background action in terms of dimensionless quan-
tities which transform trivially under a conformal transformation: this shows clearly our
approach in a simple setting. Then, in the next subsection, we will generalize our results to
the full action.
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For simplicity, we take the field space metric in the Jordan frame to be canonical γJij = δij ,
and specialize to the case of a single, homogeneous background field φaJ(x) = φJ(t) . The
metric is of the FRW form, and (7) can be written
m2Jds
2
J = m
2
J [−N2Jdt2 + a2Jdx2] = m2E[−N2Edt2 + a2Edx2] = m2Eds2E, (8)
with NJ , aJ and NE, aE the lapse function and scale factor in the Jordan and Einstein frame
respectively. We choose the coordinates to be dimensionless and take Ni, ai to have dimensions
of inverse mass.1 We define the dimensionless metric functions, denoted by an overbar, via
N¯i = miNi, a¯i = miai, i = J,E (9)
where mi is the frame-dependent Plank mass (6). The dimensionless quantities transform
trivially under a conformal, e.g. N¯J = N¯E. To make this explicit we drop the subscript
index on the barred quantities and simply write N¯ , etc. All barred quantities defined below
transform trivially; they correspond to the respective quantities expressed in Planck units.
Now let us rewrite the background action in terms of physical dimensionless quantities.
We start from the Einstein frame action (3), which can be expressed
S =
∫
d4x
√−gEm4E
[
1
2
R[gE ]
m2E
− 1
2
γE
φ˙2J
N2Em
4
E
− VJ
Ω4m4E
]
(10)
where γE ≡ γE φφ, with the metric given in (4), and the dot denotes the time-derivative
φ˙J = ∂tφJ .
All the separate terms in the action (10) and also the measure are written as dimensionless
combinations. We are now going to rewrite these terms in a form that makes explicit that they
are all separately invariant under a conformal transformation. Consider first the measure: we
define the invariant combination
√−g¯ = √−gim4i , i = J,E. (11)
It can be checked explicitly that it is invariant under a conformal transformation
√−g¯ =√−gEm4E = NEa3Em4E = NJa3Jm4J = √−gJm4J . The dimensionless potential can be defined
likewise
V¯ =
Vi
m4i
(12)
where we used (5). Note that if VJ = λφ
4
J , this implies the scaling
φE =
φJ
Ω
. (13)
This is in general the case: dimensionfull variables scale with a factor Ω under a conformal
transformation. As a consequence, physical observables which are dimensionless ratios remain
invariant. Care should be taken though, when defining dimensionless quantities involving
time-derivatives, such as the Hubble constant. The reason is that in the Jordan frame not only
1We could just as well have used the more standard convention with a,N dimensionless and the coordinates
dimensions of inverse mass: but in that case attention should be paid in defining the Hubble parameter, which
should be taken as H = ∂t ln∆x (i.e. the rate of change of a physical coordinates distance rather than of the
unphysical scale factor H = ∂t ln a).
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the quantity itself is time-dependent, but also the measurement stick (e.g. when expressed
in Planck units, it is important to take into account that the Jordan frame Planck mass (6)
is time-dependent itself). On the background the Ricci scalar is Ri = 6(2H
2
i + H
′
i) with
i = J,E. To write this in physical quantities we define the dimensionless Hubble constant
H¯ =
a¯′
a¯
=
1
a¯
∂ta¯
N¯
=
1
aimi
1
miNi
∂t(aimi) (14)
with i = E, J for Einstein and Jordan frame quantities respectively, and the prime derivative
is defined as φ¯′i =
1
N¯i
˙¯φi. This dimensionless Hubble constant transforms trivially under a
conformal transformation. Likewise we define
H¯ ′ =
1
N¯
∂tH¯ (15)
so we can write the dimensionless Ricci scalar (on the background) as
R¯ = 6(2H¯2 + H¯ ′) (16)
To formulate the kinetic term in invariant form it is convenient to first express the Einstein
frame quantities in terms of the rescaled field φE using (13). Then, in a next step, it is
straightforward to introduce the invariant and dimensionless field, defined in the usual way
φ¯ =
φi
mi
, , φ¯′ =
1
N¯
∂tφ¯ (17)
Before going further, let us reformulate Ω2 in terms of the Einstein frame field:2
Ω2 = 1 +
ξφ2J
m2E
= 1 + ξφ¯2Ω2 ⇒ Ω2 = 1
1− ξφ2E/m2E
=
1
1− ξφ¯2 . (19)
The derivatives of the Einstein and the Jordan frame fields φJ = ΩφE are related via
1
NE
φ˙J = Ω
(
φ′E + φE
Ω′
Ω
)
=
Ω
1− ξφ2E/m2E
1
NE
φ˙E
= Ω3
1
NE
φ˙E .
(20)
The dimensionless expression for the kinetic terms in (10) can now be rewritten
1
2
γEφ˙
2
J
N2Em
4
E
=
1
2Ω2N2Em
4
E
(
1 + 6m2E(∂φJΩ)
2
)
φ˙2J =
Ω4
2
(
1 + 6
ξ2φ2E
m2E
)
φ˙2E
N2Em
4
E
=
Ω4
2
(
1 + 6ξ2φ¯
)
φ¯′
2 ≡ 1
2
S¯(φ¯)φ¯′
2
.
(21)
In the second expression we used the explicit form of the Einstein frame metric (4), and in
the third we used the relations between the fields in the two frames (13,20). Finally, in the
2 The dimensionless field is bounded from above
ξφ¯
2 =
ξφ2J
(m2p + ξφ
2
J
)
< 1 (18)
as the denominator is always larger than the numerator. It follows that Ω2 in (19) is always positive definite.
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last two expressions we introduced the frame-invariant fields (17). S¯(φ¯) is the dimensionless
and frame-invariant field-space metric, which is a function of the dimensionless field φ¯.3
Now we have all the expressions (11,12,16,21) needed to write the action in terms of
dimensionless quantities, which reads
S =
∫
d4x
√−g¯
[
1
2
R¯(a¯, N¯ )− 1
2
S¯(φ¯)φ¯′
2 − V¯ (φ¯)
]
. (22)
Making a conformal transformation leaves the action invariant, therefore the latter describes
all frames related by a conformal transformation. In fact all relevant equations and expressions
can be derived from this action. If at some point it is desired to express them into frame
dependent quantities, it can easily be done by substituting the explicit definitions of the
barred quantities. This way it can be checked that (22) indeed returns to the Jordan frame
action, when the Planck mass and variables proper to that frame are substituted.
We have expressed all quantities in Planck units. This a very convenient choice for calcu-
lations in cosmology, and moreover, the results can readily be compare with experiments. Of
course, the choice of units is not unique. The reason (22) takes the form of the Einstein frame
action is precisely because in that frame the Planck mass (our reference) mass is constant.
2.2 Dimensionless action — full action
In the previous section we have shown our idea at work in a very simple but significant
example: now we want to extend the results to the full action (not just the background) and
allow for several non-minimally coupled scalar fields.
The metric and scalar fields are thus taken both time and space dependent; we keep the
Jordan frame field metric γJ and potential VJ .
The approach is the same as before: start with the Einstein frame action (3), and write
it in terms of the Einstein frame fields φaJ = Ωφ
a
E; in the next step, go to dimensionless and
frame-invariant variables by dividing everything with the proper powers of the Planck mass.
Care should be taken for quantities that involve derivatives: the derivatives should always act
on dimensionless and frame-invariant quantities themselves; this takes properly into account
that the Planck mass is space-time dependent in the Jordan frame.
The only non-trivial step is to relate the derivatives of the Jordan and Einstein frame fields,
and rewrite the kinetic terms. It is convenient to start expressing Ω in terms of Einstein frame
fields.
Ω2 = 1 +
ξ
m2E
φaJφJa = 1 +
ξ
m2E
φaEφEaΩ
2
⇒ Ω2 =
(
1− ξ
m2E
φaEφEa
)−1
=
(
1− ξφ¯aφ¯a
)−1 (23)
In the 2nd line ξφ¯aφ¯a < 1 always, see footnote 2. Now we can proceed
∇µφaJ = φaE∇µΩ+ Ω∇µφaE = Ω
(
δac +
ξ
m2E
Ω2φaEφEc
)
∇µφcE
≡Mac∇µφcE.
(24)
3S¯ is not directly related to either γE (because the fields in (3) are still the jordan frame fields) or γJ (when
writing out the S¯ and R¯ terms in Jordan frame quantities, both contribute to the Jordan field kinetic terms
γJ).
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Finally, the field-space metric tensor for the Einstein frame fields can be calculated:
Sab = γEcdMcaMdb = (25)
= Ω−2
(
γJcd + 6
ξ
m2E
φEcφEd
)
Ω2
(
δca +Ω
2 ξ
m2E
φcEφEa
)(
δdb +Ω
2 ξ
m2E
φdEφEb
)
(26)
= γJab +
ξ
m2E
Ω2
(
γJadφ
d
EφEb + γJbdφ
d
EφEa
)
+Ω4φEaφEb
(
γJcdφ
c
Eφ
d
E
ξ2
m4E
+ 6
ξ
m2E
)
As it should, in the single field limit φaE = φE and for a trivial field metric γJab = δab, the
expression reduces, after some simplifications, to the field space metric found in the previous
section (21).
Now it is clear how to pass to the dimensionless action and frame invariant action. We
define the frame-independent fields
φ¯a =
φia
mi
, g¯µν = giµνm
2
i , (27)
with i = J,E. All other quantities are constructed from these:
V¯ =
Vi
m4i
; (28)
Γ¯σαβ =
1
2
g¯σρ (∂αg¯βσ + ∂β g¯ασ − ∂σ g¯αβ) (29)
R¯ = g¯αβ
(
∂σΓ¯
σ
αβ − ∂βΓ¯σασ + Γ¯σαβΓ¯ρσρ − Γ¯ρασΓ¯σβρ
)
(30)
S¯ab = γJab + ξΩ
2
(
γJadφ¯
dφ¯b + γJbdφ¯
dφ¯a
)
+Ω4φ¯aφ¯b
(
γJcdφ¯
cφ¯dξ2 + 6ξ
)
. (31)
Choosing i = E and substituting in the Einstein frame action (3) finally gives the action in
explicitly frame-independent and dimensionless form:
S =
∫
d4x
√−g¯
(
1
2
R¯− 1
2
S¯abg¯µν∇µφ¯a∇ν φ¯b − V¯
)
. (32)
This is our main result: the action in written in a frame-invariant form, so all equations
derived from it apply equally to all actions related by a conformal transformation; moreover,
the results can readily be related to experiments, which only measure dimensionless quantities.
In practice, we can simply take the usual Einstein frame results, set the Planck mass to unity
mE = 1, and put a bar on all quantities: this gives the frame-invariant equations.
2.3 Quantization
The discussion in the previous section was fully classical: we showed that the classical action
can be written in manifestly frame-invariant form. But someone might still be worried that
quantization introduces a frame dependence: however, it is clear that if the quantization
prescription is formulated in terms of the frame-independent barred quantities, no such issues
arise. We can thus use the standard quantization procedures, applied to the action (32).
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3 f(R) gravity
In this section we show that theories of f(R) gravity, or equivalently scalar-tensor gravity
with the Brans-Dicke parameter ωBD = 0, can also be written in a frame-independent way.
Key here is to realize that this class of theories can be rewritten as a as a scalar theory with
a non-minimal coupling to gravity [33, 34, 35, 36, 37]; then the frame-invariant approach of
the previous subsection can be applied.
Consider the action of f(R)-gravity
S =
M2
2
∫
d4x
√
−gJf(R) (33)
whose function f(R) begins with the Einstein-Hilbert term. Starobinsky inflation is a specific
example with f(R) = R + αR2 [38, 39]. Introducing an auxiliary scalar field AJ the action
can be rewritten [37]
S =
M2
2
∫
d4x
√−gJ [AJR− VJ(AJ )] (34)
Applying the equations of motion for the scalar R = ∂AV , substituting in the action, one
retrieves the original f(R) action (33), provided that f and V are related by a Legendre
transformation
f(R) = RAJ − VJ(AJ) (35)
Now the action (34) is exactly of the form of the Jordan frame action (1) for a single field,
if we identify
γJab = 0, AJ = Ω
2(φJ) (36)
One can make a conformal transformation (2) to go to the Einstein frame. Using the results
of the previous section (29 - 31) the action can be written in explicitly dimensionless and
frame-invariant form.
4 An example: equivalence of the curvature and isocurvature
perturbations
In the literature there are calculations of the curvature and isocurvature perturbations in
both the Einstein and Jordan frame. It was shown that the curvature perturbation is frame-
independent [11, 12, 13, 14, 15] in the absence of curvature perturbations. Hoewever, frame-
dependent definitions were introduced in the presence of isocurvature perturbations obscuring
the equivalence of the two frames [22, 23]. Applying the results of the previous section, we
can express the perturbations spectrum in terms of the barred fields, which manifestly shows
their frame-independence.
The frame-independent perturbations can be rewritten in either Einstein or Jordan frame
quantities, using the definitions of the barred quantities; the complicated relations between
the two frames shows how easy it to make mistakes when comparing results in different frames,
when they are not written in physical, dimensionless quantities.
To write the perturbation spectrum we have to perturb the field and metric to first order
Φ¯a(t, x) = φ¯a(t) + ϕ¯a(t, x), g¯00 = −N¯2(1 + 2n¯);
g¯i0 = g¯0i = 2a¯N¯ n¯i;
g¯ij = a¯
2(1− 2ψ¯)δij + F¯ij . (37)
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With this, we can express the gauge invariant scalar curvature perturbation as
ζ = −ψ¯ − H¯ δρ¯
˙¯ρ
. (38)
Note that we have not put a bar over ζ because it is both invariant and dimensionless. The
energy-density appearing in this equation is defined in the usual way
ρ¯ = −g¯0ν T¯ν0 = g¯0ν 2√
g¯
δS¯M
δg¯µν
δµ0 = S¯ab
[
1
2
g¯αβ∂αΦ¯
a∂νΦ¯
b − g¯0ν∂νΦ¯a∂0Φ¯b
]
+ V¯ . (39)
In the presence of isocurvature perturbations the curvature perturbation is non-conserved
ζ ′ = − H¯
ρ¯+ p
δp¯nad, (40)
with as before ζ ′ = ζ˙/N¯ the dimensionless time-derivative, and p¯nad the non-adiabatic pressure
δp¯nad = δp¯ −
˙¯p
˙¯ρ
δρ¯. (41)
4.1 Invariance of ζ
In this subsection we write the curvature perturbation in Jordan and Einstein frame variables,
and show how these are related.
First we have to find the transformation between ψ¯ = ψE
4 and ψJ . We can express the
invariant metric in either Jordan or Einstein frame variables g¯µν = M
2g¯Eµν = M
2Ω2g¯Jµν .
Expanding this relation to first order then gives
a2E (1− 2ψE) = a2JΩ2(1− 2ψJ ) = a2J
(
1 +
ξ
M2
φaJφJa + 2
ξ
M2
φaJϕJa
)
(1− 2ψJ )
≃ a2JΩ2(0)
(
1− 2ψJ +
2 ξ
M2
φaJϕJa
Ω2(0)
) (42)
up to second order in perturbation . Further, we defined Ω2(0) = 1+
ξ
M2
φaJφJa. It follows that
ψE = ψJ − 1
Ω2(0)
ξ
M2
φaJϕJa = ψJ −
1
2Ω2(0)
∂a
(
Ω2(0)
)
ϕaJ . (43)
Using the slow-roll approximation we can write
˙¯ρ ≃ ∂t
[
1
2N¯2
S¯(0)ab
˙¯φa ˙¯φb + ˙¯V(0)
]
≃ ˙¯V (0) = 4λφ¯2φ¯a ˙¯φa;
δρ¯ ≃ δV¯ = 4λφ¯2φ¯aϕ¯a, (44)
where in the last line we have approximated ρ¯ with its background value, using the expansion
expressed in (37); to simplify notation we let φ2 = φbφaδab. Now we relate the ratio δρ¯/ ˙¯ρ in
4Clearly ψ¯ = ψE as ψE is dimensionless.
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the two frames
δρE
ρ˙E
=
δ
(
λ
(
φ2J
)2)
Ω2 − λ(φ2J )2δΩ2
λΩ2∂t(φ2J )
2 − λ(φ2)2∂tΩ2
=
4λ
(
1 + ξ
M2
φ2J
)
φ2Jφ
a
JϕJa − 2λ
(
φ2J
)2 ξ
M2
φ2Jφ
a
JϕJa
4λ
(
1 + ξ
M2
φ2J
)
φ2Jφ
a
J φ˙Ja − 2λ
(
φ2J
)2 ξ
M2
φ2Jφ
a
J φ˙Ja
=
2λ1+Ω
2
Ω2
φ2Jφ
a
JϕJa
2λ1+Ω
2
Ω2
φ2Jφ
a
J φ˙Ja
=
φaJϕJa
φaJ φ˙Ja
=
δρJ
ρ˙J
.
(45)
So finally
ζ = −ψE −
a˙E
aE
δρE
ρ˙E
= −ψJ +
1
2Ω2(0)
∂a
(
Ω2(0)
)
ϕaJ −
1
ΩaJ
(
Ωa˙J + Ω˙aJ
) φaJϕJa
φaJ φ˙Ja
= −ψJ −
a˙J
aJ
δρJ
ρ˙J
+
1
2Ω2(0)
∂a
(
Ω2(0)
)
ϕaJ −
Ω˙
Ω
φaJϕJa
φaJ φ˙Ja
= ζ.
(46)
5 Conclusions
Higgs inflation has attracted considerable interest over recent years. The key ingredient of
the model is a non-minimal coupling of the Higgs field to the Ricci tensor. Unfortunately,
this brings along with it the issue of frames. The freedom to carry out the desired calculation
in a given frame without worrying about possible implications raised from the choice of the
frame itself is very important. With this in mind, in this paper we have demonstrated the
equivalence between the Jordan and the Einstein frame, and more generally between every
frame related to these by a conformal transformation.
The equivalence of the various frames is not immediately obvious: directly transforming
quantities calculated in one frame to another can (and have) lead to mismatching results.
Seen from a physics perspective, these frame-dependent results make no sense. The key point
is that the conformal transformation that relates the Einstein and Jordan frame rescales
all length scales. Since the absolute scale cannot be measured, both frames describe the
same physics, and must be equivalent. It is thus important to realize that when applying a
conformal transformation, not only the spacetime changes, but also the unit of measure is
modified. Therefore it is not surprising that when comparing quantities between two frames
without changing the measuring reference accordingly, one obtains different results.
To avoid the unpleasant consequences of not keeping track of all scale changes, we have
introduced the concept of dimensionless variables: in particular, we have chosen to express
all dimensionfull quantities in terms of Planck units. When transforming between frames,
all mass scales including the Planck mass scale in the same way; the dimensionless ratios
— our dimensional variables — remain however the same. Rewriting the Lagrangian terms
of these dimensionless quantities provides a manifestly frame-invariant formulation of the
theory, which can be directly related to what is actually measured in experiments. Moreover,
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formulating the action and all equations derived from it in terms of dimensionless variables
is very convenient, because in any moment it is possible to choose a frame and immediately
convert the desired quantities into their frame-specific counterparts by simply substituting
the expressions for variables and for the Plank mass proper of that frame. In the last section
we have given an example of this mechanism, showing how it works for the gauge invariant
curvature perturbation ζ.
Our results are are applicable to f(R) gravity, and in particular, Starobinsky inflation.
Introducing an auxiliary field these type of actions can be written as a Jordan frame La-
grangian with a non-minimal coupling to gravity. These can the in turn be expressed in our
dimensionless, physical quantities.
Acknowledgements
The authors are supported by the Netherlands Foundation for Fundamental Research of
Matter (FOM) and the Netherlands Organisation for Scientific Research (NWO). We thank
Damien George and Sander Mooij for useful discussions and a careful reading of an earlier
draft.
References
[1] R. Fakir and W. G. Unruh, Phys. Rev. D 41 (1990) 1783.
[2] D. S. Salopek, J. R. Bond, J. M. Bardeen, Phys. Rev. D40 (1989) 1753.
[3] F. L. Bezrukov, M. Shaposhnikov, Phys. Lett. B659 (2008) 703-706. [arXiv:0710.3755
[hep-th]].
[4] P. A. R. Ade et al. [Planck Collaboration], arXiv:1303.5076 [astro-ph.CO].
[5] P. A. RAde et al. [BICEP2 Collaboration], arXiv:1403.4302 [astro-ph.CO].
[6] R. Flauger, J. C. Hill and D. N. Spergel, arXiv:1405.7351 [astro-ph.CO].
[7] F. Bezrukov and M. Shaposhnikov, arXiv:1403.6078 [hep-ph].
[8] I. Masina, Phys. Rev. D 89 (2014) 123505 [arXiv:1403.5244 [astro-ph.CO]].
[9] Y. Hamada, H. Kawai, K. -y. Oda and S. C. Park, Phys. Rev. Lett. 112 (2014) 241301
[arXiv:1403.5043 [hep-ph]].
[10] D. P. George, S. Mooij and M. Postma, JCAP 1402 (2014) 024 [arXiv:1310.2157 [hep-
th]].
[11] J. -O. Gong, J. -c. Hwang, W. -I. Park, M. Sasaki and Y. -S. Song, JCAP 1109 (2011)
023 [arXiv:1107.1840 [gr-qc]].
[12] T. Chiba and M. Yamaguchi, JCAP 0810 (2008) 021 [arXiv:0807.4965 [astro-ph]].
[13] T. Kubota, N. Misumi, W. Naylor and N. Okuda, JCAP 1202 (2012) 034
[arXiv:1112.5233 [gr-qc]].
10
[14] J. Weenink and T. Prokopec, Phys. Rev. D 82 (2010) 123510 [arXiv:1007.2133 [hep-th]].
[15] T. Prokopec and J. Weenink, arXiv:1304.6737 [gr-qc].
[16] C. F. Steinwachs and A. Y. .Kamenshchik, AIP Conf. Proc. 1514 (2012) 161
[arXiv:1301.5543 [gr-qc]].
[17] F. Bezrukov and M. Shaposhnikov, JHEP 0907 (2009) 089 [arXiv:0904.1537 [hep-ph]].
[18] A. De Simone, M. P. Hertzberg and F. Wilczek, Phys. Lett. B 678 (2009) 1
[arXiv:0812.4946 [hep-ph]].
[19] A. O. Barvinsky, A. Y. .Kamenshchik and A. A. Starobinsky, JCAP 0811 (2008) 021
[arXiv:0809.2104 [hep-ph]].
[20] S. Capozziello, S. Nojiri, S. D. Odintsov and A. Troisi, Phys. Lett. B 639 (2006) 135
[astro-ph/0604431].
[21] F. Briscese, E. Elizalde, S. Nojiri and S. D. Odintsov, Phys. Lett. B 646 (2007) 105
[hep-th/0612220].
[22] J. White, M. Minamitsuji and M. Sasaki, JCAP 1207, 039 (2012) [arXiv:1205.0656
[astro-ph.CO]].
[23] J. White, M. Minamitsuji and M. Sasaki, JCAP 1309, 015 (2013) [arXiv:1306.6186
[astro-ph.CO]].
[24] R. Catena, M. Pietroni and L. Scarabello, Phys. Rev. D 76 (2007) 084039
[astro-ph/0604492].
[25] M. P. Hertzberg, arXiv:1403.5253 [hep-th].
[26] I. Quiros, R. Garcia-Salcedo, J. E. M. Aguilar and T. Matos, Gen. Rel. Grav. 45 (2013)
489 [arXiv:1108.5857 [gr-qc]].
[27] I. Quiros, R. Garcia-Salcedo and J. E. M. Aguilar, arXiv:1108.2911 [gr-qc].
[28] P. Brax and A. C. Davis, JCAP 1405 (2014) 019 [arXiv:1401.7281 [astro-ph.CO]].
[29] D. I. Kaiser, Phys. Rev. D 81 (2010) 084044 [arXiv:1003.1159 [gr-qc]].
[30] F. Bezrukov, A. Magnin, M. Shaposhnikov and S. Sibiryakov, JHEP 1101 (2011) 016
[arXiv:1008.5157 [hep-ph]].
[31] S. Ferrara, R. Kallosh, A. Linde, A. Marrani and A. Van Proeyen, Phys. Rev. D 83
(2011) 025008 [arXiv:1008.2942 [hep-th]].
[32] C. P. Burgess, S. P. Patil and M. Trott, JHEP 1406 (2014) 010 [arXiv:1402.1476 [hep-
ph]].
[33] B. Whitt, Phys. Lett. B 145 (1984) 176.
[34] V. Muller, H. J. Schmidt and A. A. Starobinsky, Phys. Lett. B 202 (1988) 198.
11
[35] J. D. Barrow and S. Cotsakis, Phys. Lett. B 214 (1988) 515.
[36] K. -i. Maeda, Phys. Rev. D 39 (1989) 3159.
[37] S. V. Ketov and A. A. Starobinsky, JCAP 1208 (2012) 022 [arXiv:1203.0805 [hep-th]].
[38] A. A. Starobinsky, Phys. Lett. B 91 (1980) 99.
[39] A. Vilenkin, Phys. Rev. D 32 (1985) 2511.
12
